Abstract Holography is a practical approach to fabricating optical sensors for applications in the detection of chemical analytes and physical changes. Holographic sensors incorporate diffraction gratings within functionalized polymers or natural organic polymer matrices, that allow indirect optical measurements of physical and chemical stimuli. The advantages of holographic sensors over other optical sensors are the ability to produce three-dimensional (3D) images and amenability to mass manufacturing at low-cost. The aim of this chapter is to (1) describe the principle of operation of holographic sensors (2) describe the
holographic recording techniques used for their fabrication (3) discuss approaches to preparing recording media and overview strategies of their functionalization in order to obtain stimuli responsive devices, and (4) highlight emerging applications in environmental sensing and point-of-care diagnostics. Particular emphasis is put on the photonic materials used for holographic sensors recording and the different approaches used for their functionalization with the view of how this can be used to improve sensors sensitivity, selectivity and response time. The main challenges in holographic sensors research and possible solutions to these challenges are outlined.
Introduction

The Need for Rapid Tests for Environmental Sensing and Medical Diagnostics
The development of rapid and reliable sensors that can be used at point-of-care settings is needed more than ever. However, the applicability of commercial sensors is still limited and further progress is needed to provide low-cost, miniature, user-friendly and reliable sensors for use in sectors such as environmental, food and beverage, healthcare, sports and recreation, advertisement, and security [1] . The sensor market is driven by a raising awareness of the environmental impact and healthcare, which results in new legislations. These legislations concern (1) communal and industrial waste management, (2) working environment conditions (3) carrying out environmental friendly agriculture (4) delivery of products to the market from various industries ranging from food, beverage to technologically advanced products (e.g., electronics) that are safe to human and environment [2] . Another area of sensor applications is medical diagnostics, which becomes more and more important with regard to the problem of ageing of societies [3] . The market for portable sensors which can be integrated with mobile devices for health but also in sport and reaction applications is rapidly increasing in size [4] , and it can be predicted that it will accelerate upon further development in sensors sector. With regard to simplicity of sensor use, which enables sensor's application for public use, sensors that change color in the presence of an analyte are very appealing. Holographic sensors can offer not only colorimetric response but also visual effects like appearance or disappearance of a text/image triggered by an analyte, and thus convey a message to the end user [5] [6] [7] .
Advantages of Holographic Sensors
The capability of a holographic sensor to display visual information in the presence of a chemical or physical stimulus makes them appealing for applications where quick analytical information is needed. Such characteristics of the sensors are of interest for applications ranging from environmental sensing to medical diagnostics, but are not limited to those fields. Holographic sensors can also be used indirectly, for example in security devices to identify forgery, or smart windows that change color or transparency when subject to a specific wavelength or electric field [8] .
Holographic sensors offer many other advantages such as low-cost production, which make them suitable for disposable devices; they are lightweight devices; additionally for a reflection type of holographic sensors, no additional readout panel or power supply is required for their functioning. All these characteristics make them candidates for wearable/portable applications. Sensors in the form of labels that can be attached to packaging or clothing informing about storage condition of the product such as temperature or humidity, displays providing information about contamination in the industrial work space, or contact lenses measuring the concentration of glucose in tear fluid are examples of potential applications. Further applications of holographic sensors are yet to come with the advances in holographic materials, as well as with their integration with other enabling technologies such as microfluidics, which is possible due to another advantage of the holographic devices-their capability for miniaturization.
Evidently, there is a market need for holographic sensors, which are promising for many applications. Yet, to understand the challenges in holographic sensors fabrication, the principle of their operation and the properties of the materials used for their fabrication should be understood. Holographic sensors are 3D structures created in functionalized polymers with the ability to change their optical properties upon interaction with a chemical or physical stimulus. There are two main requirements that the photonic material must fulfill to be used in holographic sensing: (1) it must be suitable for holographic recording and (2) the presence of stimuli must cause a change in the optical properties of the sensing material.
The aim of this chapter is to illustrate how to balance these two requirements in optimizing the recording materials to obtain efficient and reliable holographic sensors. The book chapter introduces the principle of recording of holographic structures, the types of holographic sensors and their operation. It describes photonic materials used in holographic sensing, strategies for their functionalization and design by theoretical modeling. Applications in sensing of gas phase analytes, humidity, temperature, pressure, metal ions and glucose are demonstrated. The main challenges in the development of photonic materials for holographic sensors are discussed.
Fundamentals of Holographic Sensors
Principle of Recording of the Holographic Structures
Holographic sensors are photonic structures created by optical image recording [5, 6] . This involves interferometric patterning of a photosensitive material that as a result of the recording process undergoes change of its optical properties. The structure created by this optical recording process is called a hologram. Typically as a result of the recording process, the refractive index of the material and/or the absorption coefficient is spatially varied, thus copying the spatially varied recording light field. This variation is normally observed in the volume of the material in volume holograms [9] . In some cases, the recording field pattern can also be copied in the form of thickness variation of the recording material to form surface holograms [9] . The variations in its refractive index, absorption coefficient, and thickness of the hologram affect the diffraction of light propagating through. When illuminated by one of the beams used to create the interference pattern, due to diffraction, the hologram reconstructs the other one ( Fig. 11.1 ). There are two main types of holograms depending on the type of material optical property is altered: phase and amplitude holograms [9] . Phase holograms are recorded in the form of refractive index and/or thickness variation of the photonic material, and they change the phase of the propagating light. Amplitude holograms are recorded in the form of absorption coefficient variation, and they lead to alteration of the amplitude of the propagating light. Depending on the wavelength of the interrogating light, a hologram can be considered being phase or amplitude only or combination of both types.
There are different photochemical and physical processes involved in holographic recording [6] . In photopolymers, for example, the response to light causes photopolymerization and accompanying diffusion of photopolymer components, and this leads to spatially varied density of the recording material, causing modulation of the refractive index [10] . In silver halide based materials, the variation of the refractive index is caused by the formation of silver nanoparticles with a concentration that is proportional to the laser light intensity [11, 12] . This causes spatial variation of the refractive index of the material at visible wavelengths. Photobleaching is involved in recording amplitude holograms as it leads to spatial variation of the absorption coefficient of the material [13] . The variety of the photosensitive materials used in holographic sensing, the photochemical processes involved in holographic recording, and the type of the recorded holograms in these materials are summarized in all necessary components to act as a sensor. Therefore, the analyte sensitive film acts as a recognition component, changes in the physical dimensions of the holographic structure and/or the refractive index variation of the sensitive film as sensing mechanisms, the periodic structure as a transducer, and diffracted light as a signal. Changes in the physical dimensions of the structure originate from swelling or shrinkage of the sensitive film caused by the interaction with the analyte. Refractive index variation change can be caused by the physicochemical modification of the holographic material during exposure to the analyte. The principle of operation of the sensors, depending on their type is provided in the following section. Volume phase holograms are typically used in the development of holographic sensors [1] , and for this reason the following description concerns this type of holograms.
Types of Holographic Sensors
Holograms can be distinguished as (1) surface or volume holograms depending on their physical characteristics and (2) phase or amplitude holograms depending on the optical property of the material, which is altered during the recording. Further classification is carried out depending on the holographic recording geometry; in this regard two types of photonic structures that can be inscribed in the photonic materials are transmission and reflection holograms [9] . Herein, the focus will be put on volume phase transmission and reflection holograms, as the devices of these two types are of most scientific relevance to holographic sensors. The recording beam geometries and principles of operation of sensors based on transmission and reflection volume phase holograms are described in the following sections.
Sensors Based on Reflection Holograms
Reflection holograms offer the ability to provide visual information in the presence of a stimulus and are therefore suitable for applications where an additional readout device is not needed. There are two main approaches in recording reflection holograms: split beam and Denisyuk modes of recording ( Fig. 11.2) .
In split beam mode of recording, the laser beam is split in two or more beams either by dividing its amplitude or wavefront. An example of the split beam mode used for recording of reflection hologram sensors is shown in Fig. 11 .2a. A laser beam is expanded, split in two, and then recombined at the recording material film.
In Denisyuk mode of recording [14] , there is only one beam incident on the recording material. The second beam is either scattered by an object or reflected by a mirror positioned behind the recording medium ( Fig. 11.2b ). The most important feature of the holograms recorded in reflection mode is that they replay under white light illumination. The structure created in reflection mode is effectively a Bragg Fig. 11 .2 Experimental setups for recording reflection gratings (a) split beam mode (b) Denisyuk reflection geometry. P polarizer, S shutter, BS beam splitter, SF spatial filter, C collimator, M mirror mirror. Upon shining incident white light, constructive interference of the light reflected from the planes of varying refractive index occurs. As a result a diffraction maximum in a given direction is observed for light of a specific wavelength. The relation between the spacing Λ between the planes of varying refractive index, the diffracted light wavelength λ, the effective refractive index of the recording medium n and the angle θ between the incident beam of light and the planes of varying refractive index (Bragg angle) can be expressed by a simple formula that assumes uniformly distributed layer gratings.
In reflection holograms, the planes of varying refractive index are nearly parallel to the substrate surface if the hologram is recorded at low tilt angles from the surface of the mirror (Fig. 11.3 ).
The holograms recorded in reflection mode are useful when easy-to-interpret information is sought. Such information is provided by the color change in the reconstructed holographic image under exposure to the target analyte. The change in the spectral response of the sensors Δλ is determined by the change in the effective refractive index of the material Δn, change in fringe spacing ΔΛ and in Bragg angle Δθ.
The typical Bragg angles in this geometry of recording are close to 90°thus the contribution of the last term in (11.2) is negligible unless there is a significant deviation from this angle. Changes in both lattice spacing ΔΛ and the refractive index Δn can contribute simultaneously to sensor's response but change in one of them usually dominates. This behavior can be modeled by incorporating electromagnetic wave equations and parameters describing the media, or material governing equations such as free energy of mixing [15] . The changes in lattice spacing ΔΛ arise due to swelling or shrinking of the material in the presence of an analyte. To make use of the second Fig. 11.3 The principle of holographic sensing. The reflectivity of the incident wavelength depends on the refractive index of the materials and their geometry. A chemical change triggers the sensor response from one state to the other resulting in a change in the wavelength of the diffracted light mechanism to obtain observable change in the wavelength of the diffracted light, a significant change of the effective refractive index n must occur upon absorption of an analyte. One way of increasing the change in the average refractive index is to lower the refractive index of the holographic material, which can be achieved by increasing its porosity. Increasing the porosity has also another advantage; it increases the surface area for the interaction with the analyte, and facilitates diffusion of the analyte within the holographic matrix.
In addition to the spectral characteristics of the reconstructed holographic image, its brightness which is related to the diffraction efficiency of the hologram can also change. The diffraction efficiency of a volume phase reflection hologram is determined by [9] :
Differentiation of (11.3) shows that the change in the diffraction efficiency is determined by the change in the refractive index modulation n′, change in the Bragg angle Δθ, change in the probe wavelength Δλ and change in the thickness of the grating Δd (11.4).
Sensors Based on Transmission Holograms
This type of sensors requires an additional readout device such as a spectrometer or an optical power meter to detect changes in the optical properties arising upon interaction with a stimulus. A split beam geometry used for recording a transmission hologram is shown in Fig. 11 .4. The two recording beams are incident from the same side of the recording layer. When the two incident beams have the same incident angles to the recording layer's surface, the recorded structure (unslanted hologram) consists of planes of varying refractive indexes, that are perpendicular to the surface of the recording layer. Gratings recorded with two beams at different incidence angles to the surface of the recording layer are called slanted gratings, and for such structures, the resulting planes of varying refractive indexes are at an angle to the layer's surface. The principle of operation of transmission holograms relies on the changes in the diffraction efficiency and the peak wavelength of the diffracted light upon interaction with a stimulus. The transmission hologram is probed with light of a specific wavelength and the readout of the transmitted light is carried out at a given angle. The diffraction efficiency of a volume phase transmission hologram is determined by [9] :
where η is the diffraction efficiency, being the ratio of the diffracted and the incident beam intensities, n′ is the refractive index modulation, d is the thickness of the holographic grating, and λ is the wavelength of the probe beam, and θ is the Bragg angle. When probed at the Bragg angle and at a particular wavelength the change in η arises due to variation in refractive index modulation or material thickness d. The latter can arise due to shrinkage or swelling and can result in a change in the Bragg angle and the wavelength of the maximal diffraction efficiency. Figure 11 .5 illustrates the sensing principle of a holographic transmission grating. Consider the case of a volume transmission grating with the following parameters: d 1 , n′ 1 , Λ 1 and θ 1 . Upon illumination, the grating diffracts the light and the diffraction efficiency of the grating is a function of d 1 , n′ 1 , Λ 1 and θ 1 . The interaction with the analyte causes dimensional changes of the sensitive film, producing changes in the optical properties of the film and in the geometry of the holographic grating. These changes cause alterations in the direction of the diffracted light and the diffraction efficiency, which is now a function of d 2 , n′ 2 , Λ 2 and θ 2 .
The exact contribution of each of the parameters can be estimated by modeling the diffraction efficiency change:
Sensors based on transmission holographic gratings require both a light source for its illumination and a photodetector to monitor a diffraction efficiency alteration or a variation of the diffracted light direction. The main advantage of this type of sensors is that small changes in order of 10 −5 in diffraction efficiency can be detected.
Holographic Recording by Ultra-Short Laser Pulses
Contrary to typical holographic recording protocols, particles can be organized within a polymer matrix to produce a holographic grating using a high-energy frequency doubled Nd:YAG (Neodynium doped-Yttrium-Aluminum-Garnet) nanosecond pulsed lasers or other high energy nanosecond lasers. The typical output for laser ablation is 300 mJ with a 532 nm wavelength and a 258 s Q-switch delay. High energy laser radiation can reduce the size of metallic particles to nanometric scales by ablation to smaller particles [16] , thus affecting their optical properties [17] [18] [19] [20] . In Denisyuk reflection mode for holographic recording by high-energy laser writing, the nodes of the standing waves provide concentrated energy to reorganize the preformed silver nanoparticles, which are incorporated and formed in situ by perfusing silver salts [21] . In this setup, the laser beam is diverted using dichroic mirrors and lenses to strike the recording material at desired angles [22] . An important parameter during patterning is the total laser energy that reaches the recording material. This energy is typically affected by the optics and can be modulated by changing the spot area of incidence; larger patterning areas will have less energy striking the particles. For a high-energy laser, areas up to 2.5 cm in diameter can be used for effective recording [22] . Any material sensitive to absorption of the high laser energy can be used for holographic recording, typically silver nanoparticles (Ø = 50-100 nm) are used due to the coincidence of their absorption spectrum due to their surface plasmon resonance
The principle of operation of a holographic transmission grating sensor (SPR) with that of green lasers [15, 21, 22] . The interaction between the laser light and the matter in situ may influence matter diffusion, ejection, oxidation, structure and distribution. These effects can contribute to the reorganization of the matter in the polymer matrix to form a grating. Since this fabrication approach is based on passing an absorption threshold to pattern the material, it may allow forming gratings for other low-cost and novel materials such as ink [23] to construct optical devices. Furthermore, this approach also opens the possibilities for patterning other materials such as graphene [24, 25] , carbon nanotubes [26] , and other nanostructures [27] .
Holographic Sensing Materials
A holographic material suitable for sensing application must meet two main requirements: (1) it must enable holographic recording and (2) must be sensitive to a specific chemical or physical stimulus. This imposes specific requirements on the materials that can be employed in holographic sensors, and different strategies have been adopted to functionalize the materials, and thus make them sensitive to a specific stimulus. The simplest and the earliest explored approach to design of holographic sensing materials exploits the intrinsic properties of materials used for holographic recording i.e. hygroscopic nature of gelatin was utilized to fabricate reflection-type holographic sensors for detecting water content in hydrocarbons [28] . Yet, to broaden the applications of the sensors and to improve their sensitivity and selectivity, further modifications of holographic materials were carried out.
Photonic Materials in Sensing Applications
Holographic sensing materials can be divided into three groups based on their fabrication: (1) silver halides-based materials, (2) photopolymers, and (3) hybrid materials. In the first group of materials, the holographic grating consists of periodic planes of silver nanoparticles formed in a functionalized polymer matrix; sensitivity of the hologram to a specific stimulus arises from changes in the properties of the polymer matrix functionalized with stimuli responsive moieties. In photopolymers, refractive index grating is formed as a result of localized photopolymerization during holographic recording; the polymer formed bears receptor units sensitive to a specific stimulus. The third group of sensing materials i.e. hybrid materials are photopolymers modified with analyte sensitive nanoparticles such as zeolities, which can be redistributed in the photopolymer matrix during holographic recoding. The strategies used for the preparation of these three groups of materials are discussed in the following sections.
Silver Halide Chemistry
Silver halide chemistry is the earliest technique developed to fabricate holographic sensors. This approach is largely based on photography dating back to late 19th century, and the development of holography in the 1970s [29] . Traditional hologram emulsion contained a mixture of solidified gelatin doped with silver bromide nanocrystals (AgBr NCs) coupled with laser light-absorbing dye. In contrast to the traditional emulsion, the fundamental fabrication difference in holographic sensors is the development of a diffusion technique that allows impregnation of the recording media with silver halides after the formation of a polymer film [30] . The fabrication of a silver halide based holographic sensor consists of three main steps: (1) preparation of a functionalized polymer matrix that can consistently respond to an analyte or physical parameter, (2) photosensitization of the polymer matrix, and (3) formation of diffraction gratings in the polymer matrix through multibeam interference of laser light and photographic processing [1] . Figure 11 .6 shows each step in fabricating holographic sensors through silver halide chemistry. The first step in the silver halide system is to prepare a functionalized polymer Fig. 11 .6 Formation of holographic sensors through silver halide chemistry. a Formation of a layer of silane on the glass slide. b UV-light initiated free radical polymerization of the monomers on the slide. c Rinsing the system with ethanol to remove the unreacted residues, and drying it under tepid air current. d Silver nitrate diffusion into the polymer matrix. e Drying the polymer under tepid air current to fix the silver ions into the polymer matrix. f Immersing the polymer in a LiBr bath to obtain AgBr NCs in the polymer matrix. g Rinsing the system with deionized water and treatment with ascorbic acid to increase the sensitivity to laser light. h Laser light exposure in Denisyuk reflection mode to form a multilayer diffraction grating in the polymer matrix. i Formation of silver nanoparticles in the recording medium using a photographic developer. j Stopping the developer's action using acetic acid. k Hypoing the hologram using sodium thiosulfate. l Rinsing the system with ethanol solution to remove the residual dye in the hologram matrix matrix, and impregnate the polymer matrix with silver ions [31, 32] . This step is needed because forming an emulsion consisting of the functional monomers in solvents and aqueous silver halides is hindered due to their immiscibility. Hence, silver halides are introduced into the polymer matrix using so-called diffusion technique. Silver salts such as aqueous silver nitrate or silver perchlorate in organic solvents (0.1-0.5 M) are diffused into a polymer matrix, which may be poly (2-hydroxyethyl methacrylate) pHEMA or poly(acrylamide) pAAm with a thickness of *10 to 20 µm. After the polymer matrix is dried under tepid air, the polymer matrix is submerged into an aqueous solution consisting of LiBr (0.3 mM) and a photosensitizing dye (e.g., 1,1′-diethyl-2,2′-cyanine iodide) under safe lighting. The reaction of LiBr with silver ions (Ag + ) produces AgBr NCs with diameters ranging from 10 to 30 nm [31] . The photosensitizing dye permanently attaches to surface of the AgBr NCs. After this step, the polymer matrix is rinsed with deionized water. The polymer matrix maybe immersed in ascorbic acid to improve the sensitivity to laser light. At this stage, the polymer matrix and AgBr NCs system is called recording medium.
Formation of a grating in the recording medium consists of laser writing of a latent image and photographic development of this image. The latent image is a collection of labeled AgBr NCs, which are subject to photographic development. The latent images are recorded in Denisyuk reflection mode, in which the recording medium is placed over a mirror with a tilt angle from the surface. Tilting the sample allows offsetting the diffraction angle [33] . Under safe lighting, an expanded laser beam is exposed onto the sample, where the incoming beam and the beam reflected from the mirror forms a standing wave in the recording medium ( Fig. 11.7 ). The standing wave forms a multilayer pattern running parallel to the surface of the recording medium. This pattern has a lattice spacing of approximately half of the wavelength of the laser light.
Under safe lighting, the recording medium with latent image is submerged in an aqueous photographic developer. This solution consists of a number of chemicals [34] . Following the development of Ag 0 NPs, the recording medium is submerged in acetic acid solution (5 %, v/v), which allows stopping the action of the developer to prevent overdevelopment and distortion in the recorded image. The diameter of resulting Ag 0 NPs ranges from *10 to 50 nm [35] . This process yields a diffraction grating consisting of periodic Ag 0 NPs in the polymer matrix.
The efficiency of the diffraction can be further improved by removing excess AgBr. The post-development process consists of hypoing and bleaching the hologram. Sodium thiosulfate is the standard hypo solution that dissolves undeveloped AgBr NCs and improves the diffraction efficiency, which is otherwise reduced by the interference of light with undeveloped AgBr NCs. The second step in the post-development step is bleaching the hologram. Ag 0 NPs are converted back to AgBr NCs, which yields improved diffraction efficiency due to the change in its refractive index that can transfer the incoming light to the next lattice spacing more efficiently than Ag 0 NPs. The ability to produce holographic gratings with silver halide chemistry allows a range of diffraction gratings utilizing the traditional approaches. However, the number of fabrication steps is lengthy and tedious, and this process is incompatible with biological assays inhibiting enzymes [36] . Nevertheless, this image recording technique remains a robust approach to fabricate holograms in hydrophilic polymers for aqueous applications.
Photopolymer Chemistry
Photopolymers are materials that change their optical properties in response to illumination with light. However, to be suitable for holographic recording, the photopolymer must be capable of a localized response to the light, ideally capable of recording interference patterns of thousands of lines per millimeter, or features of sub-micron dimensions. This allows the creation of a photonic structure within the polymer that is capable of diffracting light, via the recording of the hologram in the material.
To be used in sensing applications, however, the photonic structure formed by the above methods must also respond to the analyte so that characteristics of the hologram are altered. For volume holograms, layer permeability is also a key issue, because the analyte needs to diffuse through the polymer layer to cause a detectable change in the hologram's characteristics [1] . The polymer must also be sufficiently robust to maintain the photonic structure under exposure to the analyte's environment and, in most applications, it must maintain this for multiple cycles of use.
This need to balance permeability with stability of the photonic structure narrows down the suitable sensing materials. Photopolymerizable systems using acrylamide monomers and poly(vinyl alcohol) PVA have been shown to produce holograms that shift their reconstruction wavelength with complete reversibility through many cycles of low and high humidity [37] .
Such photopolymer layers are prepared by coating and drying a solution, which is a mixture of monomers, sensitizers, and dissolved polymer on a suitable substrate. Because of the ease of preparation of the polymer films and the fact that the holograms are self-developing, fabrication of holographic sensors in such materials is a straightforward two or three step process. First, the components of the photopolymer are mixed and coated on a substrate. The mixture usually consists of at least two monomers, a photoinitiator, co-initiator and a polymeric binder such as PVA [38] [39] [40] [41] [42] [43] [44] [45] . Heat is usually needed to dissolve the binder, but otherwise it is a simple mixing process. The photopolymer solution is then coated onto the glass or plastic substrate and allowed to dry for several hours on a level surface to form the photosensitive layer as shown in Fig. 11 .8a. The next step is to expose the photosensitive layer to the appropriate interference pattern, at the appropriate laser wavelength to create the photonic structure. This is shown in Fig. 11 .8b. Where light is absorbed by the layer (via the photoinitiator), a polymerization process is initiated which converts the monomers into polymer and triggers local diffusion processes. The local refractive index is thereby altered through changes in the local density and polarizability of the molecules, and the spatial variation in intensity in the interference pattern is recorded as a spatial variation of refractive index. The hologram can be viewed immediately, but with some formulations a short additional step is advisable, exposure to white or UV light [46] to remove remaining sensitizer and stabilize the hologram (Fig. 11.8c) .
The self-developing nature of the photopolymer materials means that the photonic structure is fully formed during the exposure step and the hologram is visible at that point. Denisyuk reflection hologram recording is one of many formats that can be used to form the hologram. The final appearance depends on whether a reflective object or mirror was used to create the hologram, what wavelengths and angles were used in this step, and whether multiple recording beams were used. For most holograms, a small tilt angle is introduced between the photosensitive layer and the mirror/object beam, typically between 5°and 10°. This prevents the beam diffracted by the photonic structure from being obscured by the beam that is specularly reflected from the layer surface.
The flexibility of this preparation process has allowed for a wide range of characteristics in the final hologram. For example, by altering components of the basic formulation, hard impermeable layers have been formed [47] , new sensing properties have been introduced [48] and new sensing strategies have been developed in which the ability to form a hologram is the sensing action [49] . Because of the role of diffusion in the recording process, it has also been possible to pattern the dopant materials within the layer. This gives further scope for a tailored sensing response. There is also significant flexibility around the wavelength used as long as the appropriate initiator is chosen. Initiators sensitive to red, green and blue are available [50] which is useful in sensing applications where a particular initial color is desirable in the hologram. For example, if shrinkage rather than swelling is expected, a hologram diffracting the longer, red wavelengths is likely to be a desirable starting point, but a blue diffraction might be a more suitable starting point for an analyte that swells the layer.
Photopolymer materials have a key role to play in holographic sensing because of the ease of preparation of the sensors, which facilitates their mass production. Further development is needed in ensuring specificity for certain analytes, and to further improve robustness in some environments, however the variety of formulations possible and the wide flexibility in the photonic structures that can be formed indicate the potential for these materials. One approach to the functionalization of photopolymer materials is the incorporation of zeolite nanoparticles in them. The following section describes the features of nanozeolites and their use in holographic sensing.
Sensors Containing Zeolite Nanoparticles
The synthetic zeolites, historically referred to as 'molecular sieves', are low-density crystalline aluminosilicates possessing regular micropores of dimensions commensurate with molecules (0.3-2.0 nm). These micropores (one-, two-and three-dimensional) create a vast network of channels and cages with well-defined sizes and shapes. Other molecular sieves, the so-called zeotype materials, containing different tetrahedral (T = Si, Al, Ti, P, Ga, Ge, B) framework cations have also been synthesized. Their corner-sharing tetrahedral building units (TO 4 ) further extend the diversity of zeolite structures. This remarkable flexibility in structure type (220 different structures known to date) and chemical composition allows tunable chemical and physical properties [51] .
Over the past decade, much effort was devoted to prepare zeolites with enhanced accessibility to their micropores. Many new routes to hierarchical zeolites have been revived and discovered, such as: (1) post synthesis modification by de-silication, de-alumination or steaming, (2) one-step hydrothermal crystallization in the presence of specific organosilane surfactants acting as mesopore modifiers, and (3) synthesis of nanosized zeolite crystals with or without organic templates. The post-synthesis methods, such as steaming and chemical treatments are well documented and in commercial use, but they unavoidably lead to, inter alia, a decrease in zeolite crystallinity, the loss of a portion of the starting material, the creation of many defects, inhomogeneous chemical compositions and a hitherto uncontrolled broad distribution of mesopores, not always properly connected to the microporosity.
The nanometer scale (<500 nm) zeolite crystals develop large external surface where up to 30 % of their T atoms can be located and are intrinsically of better quality than the crystals produced by an intrinsically destructive top-down approach. A decrease in the size of zeolite crystals results in a considerable increase of their external surface and the properties associated with the latter (adjustable surface charge, hydrophilicity/hydrophobicity, ion-exchange) play an ever-increasing role (Fig. 11.9 ). The surface properties provide new possibilities to explore adsorption and reaction of bulky molecules that do not normally interact with the micropore volume of the zeolites.
The zeolite nanoparticle research faces new challenges in their shaping in the form of membranes, films, self-supported bodies, since the interactions between the zeolite and its binder or support will involve the external surface of the zeolite.
Besides, the kinetics of adsorption and desorption are related to the particle size and therefore nanosized zeolites have the potential to increase substantially the productivity of existing processes or to drastically reduce the size of new devices. Nanosized zeolites are usually synthesized at low temperature under hydrothermal conditions. The initial system is usually an aluminosilicate suspension that evolves under the combined action of mineralizing (OH − , F − ) and structure-directing agents (SDAs). The SDAs could be alkali metal cations or positively charged organic molecules. The generally accepted scheme includes the arrangement of SiO 4 -and AlO 4 -tetrahedra around charged templating species, i.e. hydrated alkali metal cations or organic molecules. The synthesis of nanosized zeolites is strongly influenced by the: (1) organic additives or structure-directing agents, (2) type of precursor synthesis gel/suspension, (3) initial silicon and aluminium source, (4) synthesis conditions as temperature, pressure and time, and (5) heating method like conventional, microwave and sonication. A dedicated effort to understand the fundamentals of the above-mentioned parameters generated valuable knowledge to direct the synthesis and harvest zeolite nanocrystals with pre-determined properties [52] [53] [54] .
The nanosized zeolites have high quality crystals with diverse sizes and morphology that are important for fundamental studies and advanced applications ( Fig. 11.10 ). In addition the crystals can be modified via post-synthesis treatment that changes the surface and bulk properties and lead to high selectivity and also allows fast diffusion (Fig. 11.11) .
New fields will also open up to due to their exceptional properties and because they can be supplied in various forms, such as colloidal suspensions, optical quality thin films, membranes and self-supported morphologies (Fig. 11.12) .
A large research effort is dedicated to the use of zeolite nanocrystals to prepare thin-to-thick zeolite layers for optical devices and gas/liquid sensors. The common preparation techniques of such devices include: (1) screen-printing, (2) sol-gel techniques, (3) dip-and spin-coatings, (4) direct growth with or without pre-seeding of the substrates, and (5) ink-jet printing. Factors to consider when selecting the production technique include the required film characteristics, purity, porosity, reliability, reproducibility and costs. Zeolite films are used for preparation of optical quality films with a thickness in the range 50-170 nm through spin-on or sol-gel deposition methods [55, 56] . The large and reactive external surface of the zeolite nanocrystals is critical to design different morphological constructions, where the consequence processing does not affect the intrinsic properties of nanocrystals. The supported zeolite films Fig. 11 .11 Nanosized zeolite crystals: high selectivity, short diffusion path, surface and bulk modification Fig. 11 .12 Nanosized zeolites in colloidal suspensions and shaped in films, membranes and self-supported bodies are used for separation, membrane, optical devices, chemical sensors and medical applications.
The versatility of zeolites properties like their pore structure, surface area, catalytic activity, particle size and morphology is of particular interest for different types of sensors. Their adsorption capacity, high-surface area and porosity, presence of mobile ions, and catalytic activity make them attractive candidates for chemical sensing/detection. In general the sensors are categorized in four groups based primarily on their mode of action: (1) chromatography and spectrometry, (2) electrochemical sensors, (3) mass sensors, and (4) optical sensors. Zeolite-based chemical sensors are divided in two groups depending on the respective role of the molecular sieves. The zeolite can act as the main functional element, in the case of sensors based on conductive, adsorptive, or catalytic properties of one specific type molecular sieve and its interaction with the analytes. The second group includes devices where the zeolites are supplementary or secondary elements, e.g. host-guest materials with active sites encapsulated within the zeolite pores.
The application of nanosized zeolites in chemical sensing, biomedical and biological analyses has shown their great potential [57] [58] [59] [60] [61] [62] . Zeolite nanocrystals offer promises in the above applications due to their highly tuneable size-and shape-dependent chemical and physical properties. Their unique surface chemistry, high thermal stability, high surface area and large micropore volume are important for designing of optical devices. Useful strategies for functionalization of zeolite nanoparticles open up the possibility of using the materials in areas such as environmental drug delivery, medical imaging and other biomedical applications.
An example of the potential of zeolite nanoparticles in sensing is their use in functionalizing photopolymer materials for holographic sensors. The incorporation of these nanoparticles into a holographic photopolymer medium can improve its dynamic range, and thus its ability to record high diffraction efficiency holograms [63] . This improvement is ascribed to the redistribution of the nanoparticles during holographic recording. The nanoparticles are redistributed within the photopolymer material into either the bright or dark fringe regions [64, 65] . For example zeolite nanoparticles incorporated in an acrylamide-based photopolymer are redistributed into the dark fringe regions during holographic recording (Fig. 11.13a) [66] . The total refractive index modulation n′ created during recording (Fig. 11.13b ) has two components: (1) photopolymerization and diffusion driven density variation of the polymer material and (2) the zeolite nanoparticle redistribution. The contribution of the zeolite nanoparticles to the refractive index modulation n 0 n can be expressed as:
where n nanoparticle and n host are the refractive indexes of the nanoparticles and the host polymer matrix and f nanoparticles is the volume fraction of the redistributed nanoparticles, α a is the fraction of the period spacing with a high-concentration of nanoparticles.
Upon exposure to an analyte, the target molecules are adsorbed to the nanoparticles, causing n nanoparticle to increase, and change n n ′. This therefore changes the overall refractive index modulation n′. If the nanoparticles are preferentially distributed in the dark fringes, the exposure to the target analyte Fig. 11 .13c decreases the overall refractive index modulation Fig. 11 .13d. As shown in (11.5), the intensity of the light diffracted by the grating is directly related to the refractive index modulation n′. Therefore, by monitoring changes in the diffracted beam intensity during exposure to an analyte, holographic gratings recorded in the nanoparticle-doped photopolymer can be used as a sensing device. By selecting nanoparticles with a porous structure e.g. zeolite nanoparticles, adsorption of the target molecules to the nanoparticles can be maximized, thus maximizing the sensor's sensitivity. By controlling zeolite pore size or by incorporating functionalized nanoparticles (e.g. having metal ions/nanoparticles in the zeolite pores) [60] , an improved selectivity of the holographic sensing device to the target analyte can be achieved.
Strategies for Materials Functionalization
Holographic sensors can be classified with regard to their fabrication process as silver halide based materials, photopolymers or nanoparticle doped materials, which were discussed in the previous sections. Depending on the mechanism of operation, another classification of holographic sensors can be adopted: (1) structures with patterned analyte sensitive species; in such structures, interaction of the analyte with the patterned holographic structure changes the refractive index modulation; such structures can operate both in transmission or reflection holographic sensors (2) in the second type of structures, no spatial redistribution of stimuli responsive functionalities is needed; such structures work best in reflection mode; the interaction of such sensors with the stimuli results in changes in Bragg peak and thus color of the reconstructed holographic image.
Structures with Redistributed Analyte-Sensitive Species
To produce such structures, the analyte-sensitive species must be able to diffuse within the material during holographic recording to produce analyte receptor-reach and receptor-depleted regions. This approach was applied to nanozeolite doped photopolymers [60, 67, 68] . Extensive research into acrylamide-based photopolymer nanocomposites containing three different zeolite nanoparticles with varying microporosity, namely Silicalite-1 (MFI-structure, Ø = 30 nm), AlPO-18 (AEI-structure, Ø = 180 nm) and Beta (BEA-structure, Ø = 40 nm) has been reported [63, [68] [69] [70] . Preliminary studies into the sensing ability of transmission gratings recorded in BEA-and MFI-type zeolite-doped acrylamide photopolymer layers have been reported for the analytes such as toluene [67] and isopropanol [60] .
Structures with No Redistribution of the Analyte Sensitive Species
The simplest examples of such structures exploit intrinsic properties of holographic recording media, and the earliest research in the holographic sensors area relies upon such structures. Hygroscopic properties of gelatin were employed in the earliest holographic sensors that were capable of detecting water content in hydrocarbon solvents [28] . The recorded grating acts as a readout system and is not involved in sensing. More advanced sensors within this category comprise various hydrogels containing appropriate receptor groups. Polymer matrices can be functionalized with a range of monomers that allow in sensing analytes specifically. The functionalization can be achieved before or after polymer formation. A criterion in selecting these functional groups is that they should have acrylate or methacrylate groups that allow covalent crosslinking in the polymer matrix. This strategy was used for pAAm and pHEMA hydrogels to obtain sensors sensitive to pH [31, 32, [71] [72] [73] , ions [73] [74] [75] [76] [77] , glucose [73, [78] [79] [80] , temperature [37, 81] and other stimuli [1] . For example, copolymerization of a hydrogel with the monomers bearing acidic or basic groups, along with the suitable crosslinkers, enabled the fabrication of sensors with tunable pH response [32] . Ionization of the functional groups in pH sensors swells the grating due to electrostatic and osmotic forces which draws or expels counterions and water into or out of the hydrogel matrix.
Over the last two decades, a range of functional groups has been utilized in sensing chemical species (Fig. 11.14) . These include carboxylic acid, crown ethers, 8-hydroxyquinoline, porphyrin and phenyl boronic acid derivatives. The sensing properties of these functionalities are well known in other types of sensors. Structures with no redistributed sensing species were also applied for zeolite nanoparticles based sensors to obtain structures sensitive to toluene [67] . Further description of holographic materials bearing these functionalities can be found in Sect. 11.4 in regard to their applications.
Functionalization Strategies Based on the Hydrophobicity and Hydrophilicity of the Recording Material
Holographic sensors can also be classified by the type of fabrication materials and their properties, for example, there are holographic sensors fabricated in hydrophilic materials for sensing in aqueous solutions, and there are holographic sensors fabricated in hydrophobic materials for non-aqueous applications. The polymers used in holographic sensor fabrication determine not only the nature and type of analyte, but also the recording technique of the holographic layers. Hybrid materials can be conceived for the integration of multianalyte holographic sensing by having hydrophobic and hydrophilic domains. These domains can include nanoparticles as in traditional holography and enhance the holographic sensitivity and refractive index contrast, also useful for high laser energy patterning. These materials can be selected from block copolymers or hybrids with nanoparticles with enhanced optical contrast [82] . In sensing mechanisms, changes in Λ for example can be originated by expansion or contraction of the polymer matrix material. This expansion and contraction is caused by the chemical interactions with the analytes. The fringes are made of refractive index varying material and could also be made of metallic particles that do not swell or contract. However, changes in refractive index can be triggered by physicochemical modifications of the fringes or the polymer matrix. For instance, metallic nanoparticles can undergo chemical transformations that modulate their refractive index upon reduction or oxidation with chemical analytes [83] . 
Design of Sensors by Dynamic Simulations of the Properties of a Multilayer Structure
Rational design of holographic sensing materials can be facilitated by computer simulations. It has been demonstrated that the principle of sensing of a multilayer structure can be modeled by finite element analysis. For example [31] , finite-element simulations of the multilayer structured allowed analyzing the wave propagation and optical response in holographic sensors [71, 78] . There are other analytical methods that predict the reflectivity of light in periodic structures that work for arbitrary periodic dielectric structures and can be applied to the particular case of one dimensional photonic devices such as holograms. These methods can be exact solutions to the Maxwell equations or approximations by matrix formalisms. The simulated model comprised a cross-section of several stacks of silver nanoparticles with a mean radius of 13 ± 10 nm ( Fig. 11.15a ). Within each stack the particles were uniformly distributed in the vertical direction, while in horizontal direction, normal random distribution was used. The spacing (vertical lattice constant) between stacks was initially set to 188 nm. The model was used to simulate the wave propagation through the lattice for the wavelength range of 400-1000 nm.
Simulations were performed to analyze the effect of expanding the holographic sensor on the reflection band gaps. Figure 11 .15d shows that the multilayer structure displayed a reflection band gap centered at a wavelength of *500 nm (the least transmitted). This is equivalent to the optical response displayed by the holographic sensors at a pH of 4.00 [71] . To simulate the dynamic tunability, the multilayer structure was expanded while keeping the number and dimensions of the nanoparticles the same. As shown in Fig. 11 .15a-c, the expansion increased the effective-stack spacing, and stack size, however reduced the concentration of nanoparticles per stack. The reflection spectra showed a red shift in the reflection bands as the stack spacing was increased ( Fig. 11.15d ). The expanding multilayer structure displayed a color change varying across the visible spectrum from *500 to 815 nm. With an increase in stack spacing, the efficiency of the multilayer structure decreased, shown by the decrease in the intensity of the reflection dip. This was due to the decrease in the concentration of nanoparticles present in each stack, which reduced the effective index contrast between the nanoparticle stacks and medium. To further test this hypothesis, additional simulations were performed with varying number of particles per stack. Figure 11 .15e illustrates the simulated reflection spectra for the two geometries with same lattice spacing but different number of nanoparticles per layer. Decreasing the number of nanoparticles from 60 to 30 decreased the effective refractive index of the stacks, and therefore this trend reduced the index contrast between stacks and the hydrogel. This led to a weaker reflection dip, which could be observed from the simulated reflection spectra (Fig. 11.15e) . The multilayer structure with 30 particles per stack displayed about 55 % weaker band gap and reflected less light. The position of the reflection band did not change as the effective lattice constant remained unchanged.
Even though the efforts to simulate the photonic properties given the appropriate material result in full understanding on the light propagation, the selection of the materials remains empirical and work on the incorporation of physicochemical models and photonic models is still required. Furthermore, on the coupling such models with those of inter-molecular interactions between the sensor materials and analytes, models for practical application can be created. 
Applications
The applications of holographic sensors range from gases, pH, and temperature to drugs and enzymes. In the following section, some examples of holographic sensors are described.
Sensors for Gas Phase Analyte
The gas sensors have expanded into a sizeable field, both in terms of financial investment and the number of published articles [84] [85] [86] [87] [88] [89] [90] . Effective monitoring of levels of potentially hazardous or toxic gases in the workplace is a necessity and requirement. The level of toxic fumes from waste products must also be monitored to minimize contamination to the environment. The global market for gas sensors is expected to reach $2.5B by 2020, driven largely by new regulatory initiatives [90] . The range of fields that require gas sensing technologies is diverse involving areas such as the chemical processing, petrochemicals, atmospheric monitoring, and breath analyses. A breakdown of the different gases for which sensors are most in demand is reported by Grand View Research Inc. [90] . The market report indicates that sensors for carbon dioxide, carbon monoxide, oxygen and nitrogen monoxide are the most in demand, making up 63.6 % of the total market segment. Other required sensors primarily comprise methane (CH 4 ), ammonia (NH 3 ), hydrogen, and hydrocarbon sensors.
There are many different technologies under development for optical gas sensors, most of which are based on the principles of optical absorption, fluorescence, or chemiluminescence [91] . Refractometric sensors, for which the resonant wavelength depends on changes in the refractive index of the surrounding medium, are another option with potential for gas sensing purposes. This principle has been used to develop SPR and optical fiber based gas sensors [92, 93] .
Holographic gratings recorded in photopolymer media can operate as refractometric gas sensors due to changes in the refractive index or thickness of the grating medium on exposure to a gaseous analyte. The variety of fabrication techniques and materials for optical gratings recording enabled fabrication of structures sensitive to several analytes so far. Photonic structures have been suggested for gas sensing but are limited to operation based on light absorption properties of gas molecules in near infrared [94, 95] . Holographic gratings have been used as sensors for analytes in solution, but in limited cases for gaseous analytes. The use of hydrogel holographic sensors is limited to aqueous environments. Fabrication of holograms in hydrophobic materials enables their use in non-aqueous environments or without interference from water. This is paramount for gas sensing since water moisture is present in the atmosphere and would affect the holographic sensor performance.
Additionally, electronics accompanying the sensor devices are a hurdle when remote access or monitoring is required; holograms on the contrary can use diffraction gratings as a transducer of the signal [96] .
11.4.1.1 O 2 , N 2 , Alkanes, Alkenes, Alkynes, and NH 3
Oxygen is traditionally measured by redox reactions on electrode surfaces that consume it in the process, and other methods use fluorescence quenching. These processes are limited by the availability of materials or the oxygen consumption. The irreversibility of the sensing process imposes a limitation, and the reversibility can yield weak interactions and a complex readout signal. This is similar for hydrocarbon gases alkanes, alkenes and alkynes, and volatile organic compounds (VOCs). Current technologies for real time sensing of hydrocarbon gases and VOCs [97] are not able to distinguish molecular differences or get high signals. Ammonia, as oxygen, is measured with potentiometric techniques that consume or solubilize the analyte; others include absorbent semiconductors, which also consume the analyte or themselves [98] . Ammonia sensors are easily exhausted, requiring sensor's replacement after measuring large quantities of ammonia; furthermore, typical ammonia sensors cannot measure high concentrations of ammonia and exhibit a detection limit of 100 ppm [99] . Therefore, these sensors are not suitable for high analytes concentration environments, where special protection and rapid continuous monitoring is required. Holographic gas sensors provide a solution to these hurdles since they are able to measure such gases reversibly.
Hydrocarbons and VOCs have aliphatic chains that can hydrophobically interact via Van der Waals' forces. Hydrophobic interactions are sufficient to trigger sensing action in holographic sensors, and are reversible. The design of holographic sensors for VOCs and hydrocarbons is based on these mechanisms. The recognition component of the sensor should have reversible hydrophobic interactions with gaseous analytes. This material not only must be compatible with the analyte but also comply with holographic recording. In other words, the material should be hydrophobic, optically transparent and light sensitive for recording the laser light wavefronts. Ultrashort laser pulse patterning by ablation has been used in polystyrene and polypropylene, and also more successfully with poly(dimethylsiloxane) (PDMS) [15, 21] . VOCs are inert to silver particles, and there is no evidence of chemical reactions between the silver particles and hydrocarbons, that change their refractive index. Therefore, hydrocarbons and VOCs swell the holographic sensor matrix. A plethora of VOCs can be distinguished: branched and unbranched alcohols, polyols, molecules with carbonyl groups. High molecular weight ketones, alcohols and hydrocarbons in the liquid state such as n-pentane, 1-pentene, 1-pentyne, hexane, heptane, octane, decane, 4-methyl-2-pentanone, heptanone, hexanol, heptanol, iso-amyl alcohol and tert-amyl alcohol can be detected by holographic gas sensors. Since hydrophobic interactions swell PDMS chains, surface electrostatic potentials are the cause of the holographic response.
Oxygen and ammonia can form weak dipoles upon interaction with other molecules or species and are able to form reversible covalent bonds due to partial charges in their molecular structure [98, 100] . Thus, a holographic sensor aiming to detect these gases should exploit the nature of their molecular interactions. A drawback is the high reactivity of these gases. The holographic sensor response can also be affected by refractive index in combination to swelling, hence, a sensor material for oxygen and ammonia should selectively accept charged or partially charged molecules and generate molecular changes that affect either refractive index or swelling. For example, ion-exchange membranes are transparent, and selectively interact with charged or partially charged molecules and are therefore ideal candidates for the construction of holographic oxygen and ammonia sensors. Polar hydrophilic interactions with sulphonate groups in Nafion cause changes in the position of the Bragg peak and intensity in reflection-type holographic sensors. Physical phenomena such as absorption, diffusion, swelling, and ionic dissociation may affect the sensing process [101] .
Zeolite Nanoparticle Doped Sensors for the Detection of Alcohols
As described in Sect. 11.3.1.3, zeolite nanoparticles are an attractive option for the functionalization of photopolymer-based sensors. They are particularly promising for developing gas sensors due to their porosity, which allows for increased adsorption of gas molecules and selectivity. The diacetone-acrylamide-based photopolymer doped with BEA type zeolite nanoparticles shows improvement in refractive index modulation as a result of holographic recording in this material [102] . This behavior has been ascribed to the redistribution of the zeolite nanoparticles. The zeolite pores remain empty due to the larger size of the monomer molecules than the nanoparticle pore sizes [102] . Therefore, gas molecules can be adsorbed inside the BEA zeolite pores (depending on the gas molecule size) as well as to the zeolite surface, potentially maximizing the gas molecules' effect on the refractive index modulation change. The synthesis of the BEA zeolites is described in literature [63] . The BEA zeolites are hydrophilic, which ensures they are compatible with the water-soluble diacetone acrylamide (DA) photopolymer. In addition, the DA monomer demonstrates reduced toxicity in comparison to the acrylamide (AA) monomer, which is advantageous to reduce occupational and environmental hazards of any sensor.
For this study, alcohol gases were selected as the main test analyte. The detection of alcohol in its gaseous form allows for in situ, real-time measurements to be carried out. The sensing ability of gratings recorded in the photopolymer doped with zeolites (0-2 %, w/w) was investigated for three different alcohols: methanol, isopropanol, and 2-methylpropan-2-ol. These three alcohol molecules were selected due to their differing molecular structures and physical properties (Table 11. 2). The adsorption of the gas molecules within the holographic grating depends on the molecular size and structure of the adsorbing molecule (Table 11. 2).
The diffracted intensity was monitored in real time as a function of gas exposure duration at 16 torr to allow for comparison of the different gases tested. Gratings were recorded in 38 ± 3 µm thick photopolymer layers at a spatial frequency of 1000 ± 30 l/mm with a recording wavelength of 532 nm.
For undoped gratings, there was a limited effect on the diffraction efficiency of the hologram at low gas pressure (16 torr) for all three alcohol gases (Fig. 11.16a) . For 2-methylpropan-2-ol, the largest change was observed with the normalized intensity decreasing by 5 %.
For the 2 wt% doped gratings, there was a more significant change in normalized diffraction intensity on exposure to the three gases ( Fig. 11.16b ). For isopropanol and 2-methylpropan-2-ol, normalized intensity decreased by 5 and 8 %, respectively. For methanol, the intensity initially decreased by 5 % after 3 min of exposure; however, the intensity then began to increase, eventually exceeding the initially intensity by 2 %.
The same trend of decreasing diffracted beam intensity with increasing exposure time was observed for both the isopropanol and 2-methylpropan-2-ol gases in the zeolite-doped gratings. For both gases, only a limited effect on diffraction efficiency of the undoped grating was observed. The data matches the predicted effect of the gas on the zeolite-doped grating; gas molecules are adsorbed to the porous zeolite nanoparticles causing the refractive index of the regions containing the redistributed nanoparticles to increase, therefore decreasing the overall refractive index modulation. In the case of methanol, the smallest gas molecule tested, the normalized intensity began to increase after 3 min of gas exposure for the 2 wt% zeolite-doped samples. Fig. 11 .16 Normalized intensity versus exposure time (s) for a (a) 0 and (b) 2 wt% zeolite-doped grating exposed to methanol, isopropanol and 2-methlypropan-2-ol at a gas pressure of 16 torr [104] This is the opposite of the trend observed for isopropanol and 2-methylpropan-2-ol. Adsorption of the gas molecules to the zeolites redistributed within the grating increases their refractive index, and have the opposite effect on n 1 , therefore another process may occur simultaneously independent of the zeolite nanoparticles. One possible explanation is that the small size combined with the high polarity of the methanol molecule allows it to freely enter the pores of the permeable polymer and swells the photopolymer layer doped with zeolite crystals. A more polar molecule such as methanol (RP = 0.762) is more reactive in comparison to isopropanol (RP = 0.546) and 2-methylpropan-2-ol (RP = 0.389), and thus higher swelling of the layer is expected in the presence of methanol.
For all three gases, the effect of the gas molecules on the holographic gratings was fully reversible. This implies that the gas molecules can readily enter and exit the polymer matrix as well as the zeolites.
Humidity Sensors
Humidity can be detected by a number of techniques varying from the simplest method exploited the contraction/expansion of human hair to the advanced techniques used electronic chips. Crucial parameters of a humidity sensor are its accuracy, operating relative humidity (RH) range, response time, reversibility, compactness and weight, cost, ease of operation, and maintenance. Holographic sensors are capable of providing fast, real-time, reversible or irreversible, visual colorimetric or optical readouts. Moreover, remote monitoring and multiplexing of different sensors are possible. Additionally, they are lightweight, small, and relatively low cost. Thus, holographic sensors can be used for the fabrication of disposable devices.
Holograms with the capacity to respond to humidity with easily identifiable change in their optical properties, accompanied by resistance to damage by the environment, are of particular interest in humidity sensor development. The application of photopolymers for the development of humidity holographic sensors is under active study [47, 48, 105, 106] . Humidity response of reflection holograms recorded in a self-processing acrylamide-based photopolymer [39] has been demonstrated in the range of 5-80 % RH [81, 105] . Reversible changes in fringe spacing due to water vapor absorption causes fully reversible changes in the color of the light diffracted by the reflection grating. The mechanical capacity of the photopolymer layer to swell or shrink at different levels of relative humidity was used for the development of holographic humidity indicator.
Photopolymers are suitable for the development of sensors as its sensitivity to humidity can be altered by varying the photopolymer composition. The first approach is to use different photoinitiators. Photopolymer layers containing triethanolamine are permeable to water vapor, and as a result the properties of photopolymer-based holographic gratings are humidity-dependent. However, photopolymer layers containing N-phenylglycine are robust and non-sensitive to humidity up to RH = 70 %.
Recently, it has been shown that humidity response of transmission gratings recorded in an acrylamide-based photopolymer containing triethanolamine could be utilized for the development of irreversible holographic humidity sensors [106] . Both diffraction efficiency change and shift in the Bragg peak were observed after exposure to RH = 90 %. Reversibility of the observed changes in properties of gratings was dependent on ambient temperature (T); specifically changes were irreversible at T > 16°C, and fully reversible at lower temperatures.
The substitution of triethanolamine by N-phenylglycine allowed the development of a humidity-resistant acrylamide-based photopolymer [43] . No response to humidity changes was observed at RH = 20-70 % [47] . Moreover, fully reversible decrease in normalized diffraction efficiency defined as the ratio of diffraction efficiency at given humidity level and the diffraction efficiency measured at the start of the experiment at RH = 20 % was detected at RH = 80-90 %. This photopolymer can be applied where non-sensitive humidity material is needed. For example, humidity-resistant material is beneficial for the development of holographic sensors when the response to environmental changes should be minimized. Thereby, humidity-resistant acrylamide-based photopolymer can be utilized as a basic composition for the development of novel sensors with introduced response to other analytes, accompanied by resistance to humidity.
The second approach to the design of humidity sensitive photopolymers is to use different monomers. A non-toxic and environmentally-compatible photopolymer material [107, 108] is an alternative to acrylamide-based photopolymers for many holographic applications including holographic humidity sensors. In this photopolymer formulation, low-toxic DA is used as the main monomer.
Humidity response of slanted transmission gratings recorded in DA-based photopolymer layers with the thickness of 60 μm was investigated in the range of 20-90 % RH [48] . In this study, a two-beam holographic optical setup was utilized to record slanted transmission gratings with a slant angle of 13°and a spatial frequency of 1250 l/mm using a Nd:YVO 4 laser (532 nm). Figure 11 .17 shows the relative change in the diffraction efficiency of gratings recorded in DA-based and AA-based photopolymers as compared to relative humidity. Relative change in the diffraction efficiency was calculated as follow. The difference of the diffraction efficiency measured at certain relative humidity and the diffraction efficiency measured at RH = 20 % was normalized to the diffraction efficiency at RH = 20 %. The humidity response of DA-sample was significant (Fig. 11.17) . Thus, even at low relative humidity of 20-40 % (Fig. 11.17) , there was a 50 % increase in the diffraction efficiency of DA-sample, whereas the diffraction efficiency of AA-sample was increased by few percent. Reversibility of the observed changes was confirmed at RH < 80 %. Thus, due to substantial humidity sensitivity of DA-based photopolymer, this photopolymer can be utilized for the development of a reversible sensor for continuous humidity monitoring in the relative humidity range from 20 to 70 %.
Temperature Sensors
Among the large variety of non-electrical temperature sensors, holographic temperature sensors can be classified as the sub-category of thermal indicators and thermometers based on thermal expansion. Firstly, the operation of holographic temperature sensors is based on thermal expansion/contraction of the polymer matrix. Secondly, temperature changes the reflectivity/transmittance of the holographic grating or the wavelength of the refracted light. When a holographic sensor is based on a reflection holographic grating, it works as a thermal visual indicator.
Most of the photopolymers including acrylamide-based photopolymers have low glass transition temperatures. In these materials, temperature exposure is known to induce grating detuning effects originating from changes in the refractive index and the dimensions of the photopolymer layers [109] . Thus, the ability of photopolymers to expand under temperature can be implemented for the development of holographic temperature sensors.
The temperature response of reflection holograms recorded in an acrylamide-based photopolymer was investigated in the range of 15-50°C [37, 81] . The shift of the spectral peak wavelength highly depended on the relative humidity level so that it is negligible below 30 % of relative humidity, and is 25 nm at 45 % of relative humidity. Recently, investigation of the temperature response of slanted transmission gratings with a slant angle of 13°recorded in photopolymers was carried out by the characterization of Bragg angle shift at different temperatures [48] . Three types of photopolymers containing different monomers and photoinitiating systems were used as recording media. The first type, photopolymer A, was an acrylamide-based photopolymer containing triethanolamine as the electron donor [39] . The second type, photopolymer B, was a derivative of the acrylamide-based photopolymer that uses N-phenylglycine as the electron donor [43] . The third type, photopolymer C, was a diacetone acrylamide-based photopolymer containing triethanolamine [108] . According to the recording geometry, if Bragg angle shifts to a bigger value the shrinkage of the layer is expected.
In the case of photopolymers containing triethanolamine (photopolymer A and C) exposure to temperature shrinks the layers leading to a significant Bragg angle shift, whereas photopolymer B containing N-phenylglycine exhibits a low response to temperature changes (Fig. 11.18 ). Analysis of the three materials by differential scanning calorimetry showed that the behavior of the Bragg angle shift for different photopolymers can be explained by different ability of photopolymers to release water due to temperature increase [48] .
Photopolymer C is a humidity-sensitive material suitable for sensor development [48] . To analyze the thermal effect on properties of holographic gratings recorded in photopolymer C, the temperature response of sealed layers was investigated. Figure 11 .19 shows that the behaviors of the Bragg angle shift of sealed and unsealed samples are fully opposite, i.e. exposure to temperature swells the sealed [48] layer and shrinks the unsealed layer. Swelling of the sealed layer can be explained by relatively large thermal expansion of photopolymer C inherent to polymer materials with low glass transition temperature.
The results demonstrate an effective approach to obtain photopolymer-based gratings with tunable temperature sensitivity. Thus, photopolymers containing triethanolamine can be exploited as a thermo-responsive materials for the development of holographic temperature sensors.
Pressure Sensors
Sensors are widely used for controlling and monitoring of pressure. The sectors requiring pressure sensing devices include the petrochemicals, automotive, dental and medical industries. The market size of pressure sensors in 2011 was $5.11 B and is expected to reach $7.34 B by 2017 [110] .
Photopolymers are an attractive option for pressure-sensing applications due to their elasticity and compressibility. Reflection gratings recorded in photopolymer formulations have been shown to work as effective relative humidity sensors due to their ability to swell and shrink as the humidity of the surrounding environment is changed [111] . The same principle of operation can be applied to a photopolymer-based holographic pressure or stencil stretch sensor [111] [112] [113] [114] [115] (Fig. 11.20) . A reflection hologram was recorded in an elastic photopolymer material which compressed under pressure, reducing the hologram thickness and therefore the fringe spacing [5] . This reduction in fringe spacing corresponds to a decrease in the diffraction wavelength at which the hologram reconstructs. Assuming the hologram has high enough diffraction efficiency, this change may be visible to an observer, as well as quantifiable with a spectrometer. A photopolymer-based holographic sensor that responds to pressure has been described [5] . In this work, an emulsion consisting of acrylamide:methacrylamide (2:1, v/v) and a crosslinker methylenebisacrylamide (5 mol%) was deposited on a substrate to create a film, which was then polymerized via free radical polymerization. A hologram was recorded using a frequency doubled Nd:YAG laser. The resulting hologram was sandwiched using another transparent substrate and pressure was applied onto the holograms using a pair of G-clamps. The pressure of the clamps on the hologram contracted the volume of the hologram, thus causing the λ to blue-shift by 3 nm. While this work demonstrated the principle of operation of a pressure-sensitive hologram, further improvement of the sensitivity of the photonic structure to pressure is needed because the wavelength change is not large enough to produce a visible change in the color of the reconstructed hologram. An elastic reflection hologram recorded in a silicon-based polymeric film that changes colour when compressed or stretched has also been reported [116] . A shift in λ of the reconstructed hologram of up to 30 nm is reported for an applied stretching force of 6 N, whereas the application of a pressure of 671 kPa produces a λ shift of approximately 10 nm.
The ability of reflection gratings recorded in the DA-based photopolymer composition to act as a pressure sensing device has been reported [104, 117] . Gratings were recorded in 80 ± 5 μm thick photopolymer layers at a spatial frequency of 3050 ± 30 l/mm using a recording wavelength of 633 nm, producing gratings with a diffraction efficiency of 30 %. Pressure was applied to the reflection gratings using a Tensile Tester (Instron, Series 5569). The DA composition was selected due to its ability to record high diffraction efficiency reflection holograms.
The effect of increasing pressure on fringe spacing of the DA-based reflection gratings was investigated for pressures ranging from 0.4 to 10 GPa. The change in fringe spacing was monitored using a spectrometer. Figure 11 .21 shows the values for the change in fringe spacing, ΔΛ, as a percentage of the original fringe spacing (0.3448 µm). As pressure is increased, ΔΛ increases from 1 to 12 %. Up to 97 % of Fig. 11 .21 ΔΛ (%) versus pressure (GPa) for reflection gratings recorded in the DA-based photopolymer [104] the original fringe spacing was recovered after 48 h. The pressure sensitivity of Denisyuk reflection gratings recorded in the DA-based photopolymer is shown in Fig. 11.22 . In the regions where pressure has been applied, a change in color of the reconstructed grating is visible from the red color of the original recorded grating to orange, yellow, green and blue, with increasing pressure (Fig. 11.22 ). The ability of the reflection gratings recorded in the DA photopolymer layer to respond to pressure in a visible and quantifiable way is promising for the development of holographic pressure sensors.
Ions Sensors
H +
Holographic pH sensors consist of pendant carboxyl groups that are introduced to the polymer matrix by adding methacrylic acid in the monomer solution before free radical polymerization [32, 49, [84] [85] [86] [87] [88] [89] [90] . Upon illumination with a light source, the device diffracts, reflects and refracts the incoming light (Fig. 11.23a ). Figure 11 .23 illustrates the principle of operation of a reflection-type holographic pH sensor, which allows measurements from pH 4-7 producing Bragg peak shifts up to 350 nm with response time within 30 s. Figure 11 .24 shows photographs of a holographic sensor at different pH values. [104] Microfluidic devices comprising of holographic pH sensors were also described. For instance, these sensors were integrated into a PDMS-based microbioreactor for continuously monitoring pH caused by Lactobacillus casei [72] . Holographic devices have the potential to be integrated in paper-based microfluidic devices that allow construction of low-cost diagnostics for applications in resource-limited settings [118] [119] [120] [121] . Additionally, holographic sensors can be integrated in contact lens sensors that may provide monitoring tear fluid in a minimally invasive manner [122] .
Monovalent Metal Ions
For sensing metal ions, holographic sensors were functionalized with crown ethers. To incorporate crown ethers in polymer matrixes, methacrylated derivatives were synthesized [74] . These derivatives consisted of methacrylated 12/15/18-crown-4/5/6, which were copolymerized with hydroxyethyl methacrylate (HEMA) to form a pHEMA matrix with pendant crown ethers. After the diffraction gratings were formed by silver halide chemistry, the holograms were tested with a range of metal ions. The 18-crown-6 (50 mol%) holograms with a cavity diameter of 2.6-3.2 Å were found to be sensitive to K + ions. The Bragg peak of the hologram 
Divalent Metal Ions
Holographic sensors were also utilized to sense divalent metal ions. Holographic sensors were functionalized with a porphyrin derivate, which also served as the crosslinker. In the presence of Cu 2+ and Fe 2+ ions (0.05-1.00 M), the Bragg peak shifted *5 nm [77] . While such small wavelength shifts can be quantified by a spectrophotomer, it is not possible to see colorimetric changes by eye. Hence, pendant porphyrin derivatives are need for improving the sensitivity [123] . Recently, holographic sensors were functionalized with 8-hydroxyquinoline for divalent metal ion sensing. After the hologram was recorded, N,N′-dicyclohexylcarbodiimide-initiated condensation reaction was used to link the 8-hydroxyquinoline to the polymer matrix. The sensor was used to quantitatively measure Pb 2+ and Cu 2+ ions (0.1-10.0 mM) with limits of detection of 11.4 and 18.6 µM [124] . The same sensor was reused for repeat analyses by using an ethylenediaminetetraacetic acid solution.
Glucose Sensors
Holographic sensors were also utilized for quantifying glucose concentrations. An acrylamide matrix was functionalized with 3-(acrylamido)-phenylboronic acid to form pendant cis-diol moieties [79] . Holographic glucose sensor can operate at 510-1100 nm. The response of the sensor to glucose was tested at different pH values and glucose concentrations. The initial Bragg peak was at *565 nm, and as the concentration of the glucose was increased to 10.0 mM, the peak shifted by 21, 81, 365, 379 and 420 nm at pH values of 7.00, 7.25, 7.40, 7.75 and 8.00, respectively [78, 79] . Figure 11 .25 shows photographs of a holographic sensor as the concentration of glucose was changed. The holographic sensor was also tested in urine samples of diabetic patients (n = 33). In these experiments, the Bragg peak was measured from 1 to 5 min. Using an algorithm on the basis of slope estimation, the corresponding concentration values were assigned to each trend of Bragg peak shift. As compared to the fully automated gold standard analyzers the holographic sensors showed a coefficient of correlation (R 2 ) of 0.79. However, commercial dipsticks showed an R 2 value of 0.28 [78] . The holographic sensors were reusable, where the position of the Bragg peak was reset using acetic acid (1 %, v/v). While the results showed promising results, several aspects of holographic glucose sensors need improvement. The first significant limitation is the requirement of adjusting the pH to a fixed value (7.40) to standardize the measurements, indicating that small fluctuations in the pH can affect the readouts. Another limitation of holographic glucose sensors is that the polymer matrix is also responsive to other carbohydrates such as fructose and lactate. While this is not a significant concern in urine samples, low-selectivity is a limitation in other biological samples such as blood. The third aspect that requires improvement is the sensor response. It takes from 30 min to 1 h for the sensor to saturate, however the readout time can be decreased by complex algorithms. Hence, the ligand and polymer chemistries require improvement for point-of-care diagnostics that require high sensitivities and fast response time [125] .
Future Directions
There are a number of challenges that need to be addressed to achieve the full potential of holographic sensors. The demonstration of sufficient selectivity of holographic sensors is a significant challenge that needs to be addressed. To achieve this, the research in holographic sensors must focus on the development of novel functionalized photonic materials for holographic recording. Further research into new materials and their properties such as size, porosity of nanoparticles, chemical structure of the copolymerizing monomers, crosslinkers will enable broadening the knowledge on the sensing mechanisms and to further tailor the sensors' properties for specific applications as well as to expand the range of their applications. To improve selectivity of the holographic sensors, highly-selective sensing materials must be used. One possible approach to achieve this goal is to take the advantage of the advances made in material science for other types of sensors such as dye-based sensors. For example, tailored pocket porphyrins used for selective detection of various vapors in colorimetric sensors could be effectively used in holographic sensors [126] . A further approach is to explore the functionalization of the sensing moieties to obtain a unit capable of copolymerizing with the monomer solution in holographic recording. Yet, such approach will be justified if the produced sensors provide additional advantages in terms of cost, ease in use or compatibility with other technologies, in comparison to the commercial sensors.
In the case of visual colorimetric sensors, the visibility of the hologram is of key importance. The inherently narrow view angle of holographic sensors which is determined by the recording geometry is another important challenge that needs to be addressed. This requires the development of innovative methods for sensor fabrication. For example, digital printing facilitating localized functionalization of the holographic recording material can be utilized for the fabrication of more complex photonic structures that can improve the optical properties of the structure and render it easily observable. Research into increasing the dynamic range of the recording material and thus the brightness of the recorded holograms is needed in order to address this challenge. The relatively slow response time, especially in the case of biomolecular sensing applications requires further research into polymer chemistry involving the design of the host polymer matrix characteristics such as porosity and hydrophobicity/hydrophilicity. Another challenge is to demonstrate advantage over the large number of sensing technologies that are currently being developed. This requires flexible production on a mass scale and easy integration of the sensors with new and emerging technologies. Ability for integration with wearable/portable devices and technologies such as microfluidics would be particularly beneficial. Due to their amenability to miniaturization holographic sensors hold great potential for integration into microfluidic devices. The field of microfluidics has seen many advances over the last two decades and these technologies have practical and commercial applications [127] [128] [129] . Now new platforms such as liver-on-a-chip [130] , lung-on-a-chip [131] , and plant-on-chip [132] are available. Holographic sensors have the potential to be miniaturized in array formats for multiplexing and sensing in these lab-on-a-chip devices. For example, they can be constructed in array spot gratings using contact printing [133] .
Mobile phones and growing telecommunication technologies are an opportunity for the quantification of holographic sensors and other colorimetric tests [134] . The strong growth is evident from global mobile-cellular subscriptions, which increased 70 % over the last 5 years, reaching 6.9 billion as of 2015 [135] . The development of smartphone readers that allow reading colorimetric data can enable rapid and quantitative measurement in real time [136] . This technology can be applied to holographic sensors. One of the most important characteristic of holographic sensors is the ability to diffract monochromatic colors, and this hold a great potential to quantify the target analyte concentrations using mobile devices such as smartphones, tablets, smart watches, or other wearable devices [137] .
Conclusions
The properties of holographic sensors, the principle of their operation, and their fabrication were described. The key properties of photonic materials suitable for fabrication of holographic sensors and different strategies for their realization were presented. Photonic materials currently used in holographic sensing such as materials based on silver halide chemistry, photopolymer chemistry and nanoparticle doped polymer materials were described. It was demonstrated that theoretical dynamic simulation of multilayer structures could be utilized in the design of the holographic sensors. Also efforts towards the theoretical understanding of the inter-molecular interactions to predict the sensor response were discussed. Sensors for detection of chemical analytes such as O 2 , N 2 , alkanes, alkenes, alkynes and ammonia, alcohols, metal ions, pH and glucose were presented. In addition sensors for the detection of changes in their environment such as humidity, temperature and pressure were also described.
The improvement of the selectivity, response time, brightness and viewing angle (for colorimetric type sensors) and sensitivity were identified as the main challenges in holographic sensor research. In order to successfully address these challenges a deeper theoretical understanding of the analyte-sensor interactions in holographic sensing materials, and their relationship with the material optical properties affecting the holographic response is required. The niche technologies for holographic sensors include reusable, wearable, implantable, wireless, powerless devices, contact lenses, and disposable devices. Bringing new capabilities to holographic sensors will help the society to maintain the environment clean, to improve human health, and to contribute to other sectors such as security.
